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Outline

* Introduction - What are the performance and
Applications

* Vacuum and QE do Matter.
* 6-D Performance Optimization

* Timing Jitter - What is required?

* Summary - We did better than theory!
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Introduction

All the FEL reach saturation does not test the limit
of the emittance performance:

1. LEUTL and TTF I < 6-10 mm-mrad
2. VISA<2.0-25 mm-mrad
3. DUV-FEL < 5 mm-mra

Does Any Physics Experiment Test the limit:
1. Laser Compton Scattering < 2 mm-mrad

2. TIFEL Micro-bunching - Stella Experiment < 1-2
mm-mrad
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Introduction - Applications

* |njector for Storage Ring ~ 70

* Pico Femto Second high-brightness electron
beam on the table

* Other applications — femtosecond electron
microscope
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Thermionic Electron Gun [ 100keV (p=v/c=0.56) ]

Chopper - Buncher System

Capture Section (p-graded) [ 1.5 MeV (p=0.95) ]
Pre-Accelerator (few MeV, p~1)
Booster (4 m long > 10.5 MeV)

HIGH VOLTACE TERMINAL
VYT Electron

1

|

porrer Fupply T0H

7 > T= B 1

—Cryopurop

Cryo—
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Multibunch photo-cathode RF gun in ATF

Jor better Multibunch injection into DR

Solenoid RF gun cavity

3m Acc. structure
1P 400 Ifs

. IP 400 1/s

l:i\'aptyl'atitln chamber
Multibunch Laser / i / 3

transport movers

BNL type RF gun + CsTe cathode

Multibuneh wawveform from RF gun

80 e Load-lock system for CsTe

E Beam Intensity: ~1x10" e'.n'I:-L:nch

% 60 [ ]

E -

& Lot | ] 357MHz, 266nm, 20 bunch Laser
'E 20l .

= ﬁ . at 80MelV

B oo ‘ | | J J ] | | ey Intensity : ~1E10 /bunch

o L, '”' | VKH Iy ! \Fi bunch length : ~7ps

= ' ' 1 Normalized emittance : 28E-6 m.rad

1 1 1 L 1 1
-40 -0 -20 -10 0o Lo 20 30
Time [ns] Oct. I 2002
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T? Laser System — revolutionize the
high power laser applications
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Phtoinjector
for T2 (Table Top or 2 tables) system

°*Beam Physics

*Soft X-ray Source Femto-second

*Coherent THz source Electron Diffraction

°Pulse Radiolysis
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#\nﬂtim

%’&ﬁ Pulse Radiolysis Experiment

*Our system is based on pomp-and-probe pulse
radiolysis method. Electron beam used as irradiation
source is originally 10ps single pulse. Laser light, which is

CW laser light or pico-second laser pulse, is used as a Time profile of hydrated electron
probe . 0.02, , ! ;
*Absorption measurement using CW laser light (He-Ne: 630nm
L I A pure water
Setu l He-Ne Laser ;
=etup 0,01 bbb d
. Q | |
f ---- Mirror O i : : :
2 e pu— 0.005 i R S — pure water
| { Js |2 -';:b ; | (HCIO, : 1.16x103[mol/l] )
i j,!Ean- Pb Control room 0 ---------------------------- L e ey

ry OH Oscilloscope
/--./ Mirror
L]

O
L]

1
n
* Photodiode

*Now, we are developing a stroboscopic pulse radiolysis system using 10 ps white-light.

0008 50070 0.02 0.04 0.06 0.08
time[ ¢ 5]
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Why Photocathode RF Gun

* 6-D performance — smaller
emittance and shorter bunch.

* Flexibility.

But it bring more issues, mainly laser

and cathode:
e Stability
* Reliability

* Uniformity — QE, transverse and
longitudinal distribution

* Jitters — position and time

Brookhaven Science Associates
U.S. Department of Energy

Steering mirror

Photocathode gun

Finalimaging lens
J
2% 3%

Energy
probe S
"
"
Conjugate image plane for
&iﬁslaserproﬂm monitoring
Diffraction grating for
time slew correction

Beam
From

Laser
Room

Littrow prisms for
anamorphic magnification
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Vacuum and QE Do Matter

(at Room Temperature)

Pressure | Molecular Density | Molecular Incidence | Mean Free Monolayer
(Torr) (molec./cm’) (molec./cm*sec) Path Formation Time
(cm) (sec)
760 2.49 x 10" 2.87 x 10% 3.9x10° 1.7x 107
1 3.25x 10 3.78 x 10*° 5.1x10° 2.2x10°
107 3.25x 10" 3.78 x 10" 5.1 22x10°
10°° 3.25x 10" 3.78 x 10" 5.1x10° 2.2x10°
10° 3.25x 10’ 3.78 x 10" 5.1x 10° 2.2 x10° (37 min)
107" 3.25 x 10* 3.78 x 10° 5.1x10° |2.2x10°(25.5 days)
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Laser-Induced Explosive Emission
J. Wang et al, J. . 388-894 (1992

1-0 * A_l..i__._a_ssv-—

- (b)

Probability
of IE Formation
o)
()]

s 67 MV/m
0.0 e :
o 2 4 6 8

Laser Power Density (GW/cm?

w1 [ T L 1. ]

] i _ Intense TlactTors |

Brookhaven Science Associates BROOKHAVEN
U.S. Department of Energy NATIONAL LABORATORY



Photocathode RF Gun Injection System

Emittance
Compensation
. Magnet

Wavequide Optical Transition
j b Gate Radiation (OTR)
° - \ RFEEUH { o'ty Valve gr;cr):gl;orous
Photocathode RF gun injection T " ¥
system: " Eﬁ BRELLS bl
1. RF gun. ) JU‘{{ Q%Qm
. Laser| [ gg [LJNANE) & n
2. Solenoid Magnet. s
. . . Magnet
3. RF gun associate beam diagnostics. g |
. « >
4. Laser system and optics. 66.4 CM ,
5. Cathode technology o B

6. Operating principle

Stability and Reliability
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What We would like Photoinjector do

*No timing jitter

*No energy fluctuation
*Perfect point stability
*7/24 available
*Remote controllable

*NO laser physicist.

Programmable in both
transverse and longitudinal
distribution

rms peak

Timing jitter 50 - 100, fs 200 - 400, fs

Brookhaven Science Associates
U.S. Department of Energy

energy 1,% 5,%
Point stability | 0.25, 1,%
Transverse 2.5,% 10,%
uniformity
BROOKHRAVEN
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Pho'ro-in]ec’ror' Beam Diagnos‘l'ics

*Energy

*Charge
*RF Gun Phase

4.5

ACTUATOR

4.4}

>
w
T

4.2+

»
iR

FOIL/PHOSPHOR SCREEN

NRROR

Photoelectron Beam Energy (MeV)
S

w
©
:

38 1 1 1 1 1 1
150 160 170 180 190 200 210 220

Relative RF Gun Phase (deg.)
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Laser and Photoinjector
Characterization

0.8
S Energy vs. initial phase for
- Laser energy 2.2 uJ /// \ | Ecathode=25.50,100Mv/m
\
5
G 06 / \
£ 4.5
o
& 0.5 ) \ 4
< / \
e // \ 3.5
T 04 / \ i 3
e} / \ —e— 25MViIm
é \ 25 | —m— 50Mvim
3 o3 \ | 2] 100Mv/im
o
2 ool / . 15 \
\
\ 1 |
/ \ L
o // 8 0.5 F\ u
/ : ML
0 — | | | | | | ]
140 160 180 200 220 240 260 280 0 %0 100 150
RF Gun Phase (Deg.)
o0
2
0p) = [deAI(t)(hv - p+ay E(¢—1))
—0o0
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Photo-injector Diagnostics

e ¥ LASER ENERGY ON CATHODE [ul)
11-pUQ| - _ - - 1-MAY -2002 09:52:05

9.000 Release||[Control Panel| =401

B BROOKHAVEN
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Quantum Efficiency Measurements

35 T T T
¢ Ocotober, 1999
;.| 4 March, 2002 ¢
o L
=
© 25 FY 7
g N
O
c 2 + N
S *$
E +
fo_’, 1.5 4 |
o +
o 4
il i
+
0.5 | | | ‘ | |
0 2 4 6 8 10 12 14
Laser Energy (u J)
Brookhaven Science Associates BROOKHRVEN

U.S. Department of Energy NATIONAL LABORATORY



Photo-injector Diagnostics

e ¥ LASER ENERGY ON CATHODE [ul)
11-pUQ| - _ - - 1-MAY -2002 09:52:05

9.000 Release||[Control Panel| =401
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ATF Laser Oscillator-to-Clock Relative Phase [ps]

1.4
1.5 |
1.6 .
1.7 |
1.8
1.9
-2 -
2.1 1
2.2 ‘ ‘ ‘ ‘ ‘ ‘ ‘

112/2001 1/12/2001 1/13/2001 1/13/2001 1/13/2001 1/13/2001 1/14/2001 1/14/2001 1/14/2001
16:00 22:00 4:00 10:00 16:00 22:00 4:00 10:00 16:00
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Longitudinal Emittance Compensation

Energy vs. initial phase for
Ecathode=25.50,100Mv/m

5
4.5
4
3.5

3

—e— 25Mv/im
2.5 —@— 50Mv/m
2 100Mv/m

1.5

1

0.5 450pC >

0 T T
0 50 100 150

*Phys. Rev. E. 54, R3121 (1996)
« PAC 97
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Stability and Reliability Leads To Better Performance

0.5

o o
(ny] |
1 1

o
[y
T

o
La
T

=
g}
T

Marmalized Emittance (mm-rmrad)
O
i

o
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Detector vs. Charge

{]-5IIIIIIIIIIIIIIIIIIII I

FF______---"" Different laser energies
/ on cathode .

ﬁ

0.4

UL
*
L1 1 1

Energy (L))

0.1

Charge (nC)
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Emittance Optimization at 45 MeV

45 T T T

(=
w
T

w
T

Mormalized RMS emittance (mm-mrad)
8]
=) w
T

-
w
T

1 L
45 20 25 30 35 40
RF Gun phase {deg.)

® datai
spline
L ]

45

=
[41%)

—
o)

Maorrmalized Emittance (mm-rmracd)
o =]
L]

=
m
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—

=
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—
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w

Emittance for 0.5 nC at 20 RF Gun Phase

1 L L L L
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Solenoid Magnet Current (A)

Emittance vs. launch phase
0.45
0.4
0.35 /
0.3
0.25 + —90%
0.2 —100%
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Thermal Emittance

k

r | E, laser spot assumed uniform

2 with radius r
2\ m,

E,=hv—A+ayBepEpe sinGy, A=d,orE; +E,
Example of measurement for Cu-cathode R(OQZaR) R A EGLAYL),
1.2 0.8
1 i 0
Ez 0.6 % 0.6 T 1
0.4 0551
0.4 0.5
. " L L N ; 045
0 02 04 06 08 1 1.2 040710 20 30 40 50 60 70 80
Horizontal RMS laser size (mm) RF phase (degrees)
: . Nonlinear fit gives B.=3.1+/-0.5
Linear fit gives £,=0.43 eV & —4.73+/ Og():l/ \Erf 4 E—0 46 >
Brookhaven Science Associates cu o €V, an dﬁﬂﬂﬂlellﬂll
U.S. Departrieiit'of Effergy

NATIONAL LABORATORY



Performance of Photocathode RF gun Injector

WERTICAL EMITTARCE
Vertical calculations: [T
Geametric emittance = 0079054
Mormalized emittance = 1121056
Sigma{1,13= 0.131340
Sigma {1,237 = 0024247
Sigma (2,27 = 0.007240

Vertical spol size™2 vs. Quad current

Electron beam at dispersion

Laser profile on the cathode. region.

-4 -4
Quad current

Q-scan data for a 30 MeV beam,

200 pC charge with rms
normalized emittance 1.1 mm-
Electron beam focus after the Electron beam profile on the mrad, bunch length 4 ps FWHM
gun. measurement screen.
Brookhaven Science Associates BROOKHAVEN
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Srnall bearn size measurernents for 0.5 AC charge

1
Sigma [pum]
50 1 1 1 1 1 1 1 1 1 1 T T T 1 Ll 1 1 T T T T
_____ .-8
I JRASUREE i =
40 BUPEECL <
I JRties /’j,f
I N . e e e
| i e T e
a0y wire aOTE 30 ;—-;—e—'— e
20 | o ]
I ___,_——-—'—“-"-'-'"—/ E
@ [ —— —e—OTR
10 [ —--LUAG_4% Ce
! — ¢ -Phosphor
- --N--Powder
o L.

; 02 03 04 05 08 o7 | tIACA%Ce
Mew Yag Old Yag ' ' ' ' ' " |—-YAG_0.18% Cg

Charge [nC]

Figure 4: Electron beam horizontal spot size versus charge,
measured with the different diagnostics. One can see a big
discrepancy between the scintillators and OTR images.

Alex Murdoch et al, PAC 01

Brookhaven Science Associates BROOKHAVEN
u.s. Department of Energy NATIONAL LABORATORY



Mg thermal Emittance

& data1
linear
e data2

P | Ag =121 where o, is a const.

Normalized RMS emittance
f=
w
o
N
g

1 ] ] 1 1
0.3 0.4 0.5 0.8 0.7 0.8 09 1
Laser beam size (mm)

BPM S01en01d
| Faraday Cup |
82 m — / \ i
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Slice Emittance
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RF Photoinjector Theory

* Are all emittance uncorrelated?

2 2 2
5:\/5 ther T & 1f T & sc
K-J.’s theory:

o 1 1 (4)
,Ll
" 4 oksing, [,

Emittnace growth (Rieser):

— —1/2
Ewp Nr.x U
gm' 15\/_7/0 W()

Brookhaven Science Associates BROOKHAVEN
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The Advanced FEL Photoinjector Operates at 20
MV/m Gradient and 200 mA Average Current

* 1300 MHz

* E, =15-20MeV

e | -.=100-400 mA
* Q=14nC

e ¢ =16mm-mrad |
o Ayy=02% 7

* Injection ¢ =30° \
* Solenoid = 300A

* Bucking Sol. = 310A

e (D. Nguyen’s talk at BNL BROOKHAVEN
PERL workshop, Jan 2001) NATIONAL LABORATORY




=

Tvpical operating parameters

** determined in the RF gun with a picosecond Nd:YAG laser **

/

= for a maximum energy with low emittance

(2) Linac RF phase: 47°

(1) Laser injection phase in RF gun: 30°

=> for a minimum energy spread
(3) Solenoid magnetic field: 1.57kG

= For an optimal emittance compensation at 0.6nC, 14MeV

FESTA

«©» Sumitomo Heavy Industries, Ltd.l

Brookhaven Science Associates BROOKHAVEN
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=

Emittance measurements

for gaussian and square laser pulse shapes

3.“ ||||||||| | L L AL A | L L L B B

; e, =(a-Q) +b"
—i+—Gaussian pulse |
E a' bT: \IE;' +Ef’r

mmm-mrad/nC amm-mrad

Gaussian(9ps) | 1.85£0.13| 0.83X0.05
Square (Yps) | 092x0.05) 0.81=x0.03

!

—a—Square pulse

Normalized rms emittance
in horizontal direction [xmm-mrad]

s 4 The reduction of the linear space-charge emittance
[ Laser pulse length: 9ps FWHM | for the square pulse shape:
Mn IIIIIIIII nls IIIIIIIII I115 ~58%.

Eleciron charge [nC/hunch]

FESTA

«» Sumitomo Heavy Industries, l.td.l

T T T s rmmEmmm——— DRUURnEAaven
NATIONAL LABORATORY
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Timing jitter effects - Laser e beam (FEL) Interaction

2 2 2
T :\/T pump T T FEL + T jitter

T <7 Or Trp

Jitter pump
<100 f5
The femtochemistry experiments use an ultrafast laser
to initiate the process and the LCLS beam as a probe
Brookhaven Science Associates BROOKHAVEN

U.S. Department of Energy NATIONAL LABORATOR}



The timing jitter between the two lasers is the arriving time jitter of the
electron beam relative to the pump laser. Further more we can assume the
photocathode RF gun laser and the pump laser is originated from the same

laser, now the timing jitter is the traveling time jitter of the electron beam onl

Pump

5t = 25121'

et e

PHYSICAL REVIEW A, VOLUME 64, 021802(R)

Sub-10-femtosecond active synchronization of two passively mode-locked Ti:sapphire oscillators

Long-Sheng Ma.* Robert K. Shelton, Henry C. Kapteyn, Margaret M. Murnane, and Jun Ye'
JILA, National Institute of Standards and Technology and University of Colorado, Boulder, Colorado §0309-0440
(Received 30 November 2000; published 10 July 2001)

Two independent mode-locked femtosecond lasers are synchronized to an unprecedented precision. The rms
timing jitter between the lasers is 4.3 fs, observed within a 160-Hz bandwidth over minutes. Multistage
phusc—]aﬂcmm?s ]mp to prT*smT‘c this lm'nh-;&:fh ?J'Tuirg [-Eﬂﬁfmn—rfw@hﬁr the cﬁjt'ﬂclry rﬂngc between
pulses (10 ns). We also demonstrate that the same level of synchromization can be achieved with two lasers at
different repetition frequencies.

Brookhaven Science Associates BROOKHAVEN
U.S. Department of Energy NATIONAL LABORATOR}



A Typical Photoinjector Based Linac System - BNL DUV-FEL

FEL Undulators
e
L DA e nen | EESEmEsnene, | i
EEFEES T - -~
L __ - H .
H :::;_./{/; Zw‘u‘mu‘u‘uu‘u‘u‘uﬂ‘““““:‘l
Ly I SO0 0oy B BE
LI O E LI TILLLLLLLL - j /
&S| H ! -
UE ) BOERE o =
- M B e[z v H H
| N
Timing jitter is always relative, most T
time we user our RF system as a aser

. . system
reference, but sometimes it J

conceptual simpler to use laser

“SuwiitP .
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Timing jitter effects — photocathode RF gun

45 - 6
.4
5,
g357
a
E
£ M
E 3
@«
g
2
£25} 3t
@
=
4
g 2
E ol
Z15F
1+ 40 pC
0% 20 0

30
RF Gun phase (deg.)

Brookhaven Science Associates
U.S. Department of Energy

15 20 25 30 35 40 45 50 55

sssss

erenergy- 2.5uJ

) 80 ) 100 120 40 180 160
RF gun phase (deg.)

Jitter smaller < 200 fs (rms) BROOKHAVEN
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Timing Jitter Due to Energy Fluctuation

oS reoted K ol —

0 20 40 60 80 100 120
RF gun phase (deg.)

%)
—, Wwhere E(z) = Y relative energy jitter

¥’ (z) B /4

For 5 MeV beam through 1 meter, 10-3 energy jitter will lead to 30
fs arrive time jitter. Similar jitter will be generated inside the RF
gun, RF gun energy stability better than 10 is required.
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Timing jitter effects — Magnetic Chicane Compressor
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Timing Jitter Reduction
RF and Laser Synchronization
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Subpicosecond Laser Timing Stabilization
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Is Ti:Sap Laser a right Choice?

Noise characterization of an all-solid-state
mirror-dispersion-controlled 10-fs Ti:sapphire laser

Makoto Aoyama, Koichi Yamakawa '

Aduvanced Photon Research Center, KANSAI Research Establishment, Japan Aromic Energv Research Institute,
Tokai, Ibaraki 319-11, Japan

Received 2 January 1997; revised 14 March 1997; accepted 9 April 1997

Abstract

We characterized the phase and amplitude noise of a mirror-dispersion-controlled 10-fs Ti:sapphire laser pumped by a
frequency-doubled cw diode-pumped Nd:YVO, laser and compared with these of the Ti:sapphire laser pumped by an Ar-ion
laser. The rms timing jitters and rms amplitude noise for the all-solid-state and Ar-ion laser pumped Ti:sapphire lasers are
calculated to be 0.31 ps rms and (.71 ps rms and 0.15% rms and 0.32% rms, in the frequency range from 20 kHz to 400
kHz, respectively. The phase and amplitude noise characteristics of the Ti:sapphire laser were greatly improved by using the
diode-pumped solid state laser as a pump source. © 1997 Elsevier Science B.V.
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200 fs Yb:glass oscillator
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ATF Laser Oscillator-to-Clock Relative Phase [ps]
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Jitter Measurement Technique
Based on HGHG

Light electric field

Timing Jitter (rms) (ps)
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Light electric field

time
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e—beam
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